Abstract: This paper is concerned in assessing the possibility of the use of a Directional Solidification (DS) process in order to produce functionally graded materials. It will be assessed the influence of the relative displacement rate between heating coil and mould, in order to evaluate the produced cooling rates along the casting and consequent metallurgical and mechanical properties on the obtained component. A copper-silver alloy, which is prompt to macro-segregation occurrence, will be used. Results demonstrate that the process, which is able to originate DS castings, may also be used for FGMs production.
Introduction
Directional Solidification (DS) processes have been used in different applications but with particular emphasis in turbine blades production, either for oriented grains or for single crystal purposes (Galantucci and Tricarico, 1998; Wang et al., 2006) . Most of the experiments were performed in Ti and Al-Ni alloys. In the previous procedures the alloys were melted in a furnace chamber or using an apparatus with a traveling magnetic field (Boeira et al., 2006; Saari et al., 2005; Kader et al., 2007) .
The use of processes to control de solidification direction may cause micro and even in some extreme cases macro-segregation on the obtained castings. Different research works, using a computer-aided approach, were used for simulation of micro and of macro segregation during the growing crystals (Wang et al., 2004) .
A DS process may, for some alloys, and under certain processing conditions, be used for the production of Functionally Graded Materials (FGMs). This work is exactly concerned with one of those processes, namely the "Incremental Melting and Solidification Process" (IMSP) (Silva, 2004 ) that may be used for DS purposes and also for FGMs production. This process is characterised by a controlled changing of the relative position between the mould and the heating apparatus. The main difference between the traditional use of the process for DS purposes and its use in order to obtain FGMs (IMSP) is that in the first case (DS) homogeneous materials are added to the mould at the beginning of the process. In the second process (IMSP) the different materials (in terms of chemical composition) are added to the mould sequentially, according to a previously defined final chemical composition changeover intended for the obtained component. In the DS process a homogeneous component should be obtained while in the IMSP a functionally gradient material is expected.
The possibility of having local controlled properties brings the FGMs to the frontline of the research. Different components, such as those that are subjected to different conditions and environments in different locations must be tailored according to the different local solicitations. An engine piston is one example of a component where the top part should be high temperature resistant while the skirt should be mainly wear resistant and heat conductive. At the same time the piston should be a low weight component and should be designed in one single component. The vibration and strong cyclic solicitations in the engine advice not to use attached or screwed components. Thus, as some applications require different materials with different properties in different locations it is necessary to understand how to obtain it and how, with a certain process, the metallurgical properties will evolve throughout the gradation and what properties, either mechanical and chemical or physical, will arise from the obtained gradient.
The aim of the global work, in which this paper is included, is the production and characterisation of these FGMs, produced by the IMSP.
There are not many experiences with the use of the IMSP (Wang et al., 2001; Jia and Sasaki, 1996; Pinto et al., 2006; Mazare et al., 2007) . Because of the small number of experiences, the effect of the process (IMSP) (Jia et al., 1999) parameters it is not well established yet, and mainly, not well explored in different materials. It must be emphasised that the intention to use the IMSP to obtain FGMs, with a controlled chemical composition along the casting, is simultaneously a very complex and a very challenging target. Thus, it is important to understand it, step by step.
In order to understand and control the whole process, including the addition materials and the exact time to add it to the casting, and to know its influence on the final chemical composition changeover along the casting, a first step is to understand how the relative displacement rates coil/mould will influence the microstructure of the casting and, in particular, the eventual macro-segregation behaviour of the homogeneous alloys. It is worth to emphasise that the occurrence of macro-segregation is very dependent on chemical composition of the alloy. In this sense eutectic alloys are prone to DS processes because macro-segregation is not expected to occur (Galantucci and Tricarico, 1998; Wang et al., 2006; Boeira et al., 2006; Saari et al., 2005; Kader et al., 2007) . On the other hand alloys with a big difference between Liquidus and Solidus temperatures are very prompt for macro-segregation occurrence being then not adequate for DS purposes. However in FGMs the aim is exactly to produce components with a changeover in chemical composition along the casting. Thus it is not possible to avoid regions where the chemical composition is not adequate for DS purposes (substantial difference between Liquidus and Solidus temperatures).
The aim of this paper is then, to study how a specific alloy, with a huge difference between liquidus and solidus temperatures, being then prompt to a substantial macro-segregation phenomena, will behave under different processing conditions, namely at different coil/mould speed rates, in order to understand their influence in the macro-segregation phenomena.
Once this aspect is controlled, the process may be properly used, with the study of other parameters, namely the materials addition time, its temperature, etc., which will be done in future papers.
It is also a target of this paper to understand how the solidification behaviour along the sample and during the process influence some metallurgical aspects like grain size and grain orientation.
Materials and methods

Materials
To test the IMSP technology a simple alloy system (Figure 1) , was selected. The Ag-Cu phase diagram is constituted by a eutectic transformation and the limit solid solutions are characterised by a very low solute solubility at room temperature. Source: Massalski (1996) The base alloy tested was an 80% Cu -20% Ag (in wt %). This alloy shows a huge difference between the Liquidus and Solidus temperatures (approximate 220°C) ( Figure 1 ).
Methods
Principle of induction heating
As the processing technique, used both for DS and for IMSP, use an induction heating device, it is important to highlight some of the characteristics of this process. The simplified theory of induction heating says that varying or changing current in a primary circuit can induce a current in a closed or secondary circuit (Davice and Simpson, 1979) . These induced currents are used for selective heating of the components that can act as a secondary circuit ( Figure 2 ). The penetration depth of the induced current depends upon the frequency of the alternating current being used. The alternating currents or eddy currents, which are responsible for this heating, flow mainly in the surface of the work piece. The current penetration is defined by the relation: The ratio of the diameter d of the specified metal cylinder to the current penetration depth should have the following value:
d/ 6 -for almost loss free energy transfer d/ = 6 -for optimal penetrating heating.
In this work the value used for d/δ is six resulting on an optimal penetrating heat. Due to the current penetration and to the magnetic field direction (that originates liquid metal movement) differences may occur in the radial direction of the specimens. Thus, a thin mould cavity with a diameter of 6 mm was used, in order to avoid substantial differences in the radial direction. The mould has an outside diameter of 30 mm. The metallographic analysis was performed in the inner region of the specimens.
Processing
The castings were obtained using an induction furnace of 50-450 kHz, 5 kW, from Ameritherm.
The experiences were performed in two steps: in the first step the mould, inside which is the homogeneous material, is heated (till the temperature reaches the alloy Liquidus temperature); the second step consists on the period when the mould moves downwards until it got completely out of the coil. The coil was fixed during the whole process and the crucible moved in the vertical direction ( Figure 3 ) with a controlled speed. The different dislocation rates of the mould are presented in Table 1 . The obtained thermal cycles in the different regions of the mould (Figure 4 ) are presented in Figure 5 for the different mould speed rates. Six thermocouples were used to read the temperature profile with time along the process at six different points (see Figure 4 ) from bottom to top of the specimen. 
Throughout the whole process the crucible was water cooled in the bottom and the heating power remained constant. This procedure assured that, at a certain moment, the temperature at the bottom of the mould is lower than at the top of the mould. The differences between top and bottom of the casting regions may reach about 400°C. By the control of the temperature gradient along the piece it is possible to have the bottom part of the piece solidified and the upper part in the liquid state ( Figure 3 ). In this way the solidification process is oriented and controlled from bottom to top. The obtained samples were characterised in terms of chemical composition (by SEM/EDS) and microstructure (optical microscope), namely, by phase percentage quantification, grain size quantification and grain orientation, along the axial direction. Phase quantification was obtained using an image analysis technique. Grain size was measured based on Secondary Dendrite Arm Spacing (SDAS), and grain orientation was obtained using the following procedure: dendrites orientation were allocated in one of four different angle intervals: (Figure 10 ). An overall angle average was also used (Figure 11 ).
The experiments were carried out using the experimental conditions presented in Table 1 .
Results and discussions
The results will consider the cooling rates for each mould dislocation rate and then its influence on metallurgical features such as chemical composition, phase distribution and grain orientation. Figure 5 presents the cooling curves for the different mould positions and tested dislocation rates. In the first step, with the mould in the initial position and till the temperature reaches the alloy Liquidus temperature, a temperature gradient is established along the mould. The gradient is mainly dependent on the coil position and on the cooling system position. The lower temperature is in the bottom of the mould, near the cooling system, and the higher temperature is in position 3 ( Figure 5 ), due to the position of the coil. At the end of stage 1, a difference of approximately 100°C is obtained between mould positions 3 and 5. At the end of stage 1 the alloy is fully melted (all temperatures above 1100°C).
Cooling rates with different mould dislocation speed rates
After the end of stage 1 the mould starts to move downwards (power on) and the cooling profiles change substantially along the mould for all dislocation rates. There is a transient moment where temperature in positions T 0 and T 1 increase and T 3, T 4 and T 5 starts to decrease. This happens due to the relative position between coil and mould. After this transient moments, and after T 0 reaches the highest value, the temperature profile stabilises and there is a cooling variation in all positions. The temperature in the top of the mould will be the highest and the one in the bottom will be the lowest with a regular step among the different thermocouples (or positions) between top and bottom of the mould.
The transient duration, the difference between top and bottom temperature as well as the cooling rates on different mould positions, depend on the mould dislocation rates. Generally, the lowest the mould dislocation rate: the highest the temperature in position T 0 ( Figure 5) ; the highest the transient duration ( Figure 5) ; and the lowest the cooling rates in all positions (Figure 7) .
A test with no movement of the mould was also performed in order to determine the effect of the mould movement and speed on the final specimen characteristics. In this experiment the power was turned off after stage 1 (heating cycle). As expected a different temperature profile is obtained (Figure 6 ). The obtained temperature profile for stage 1 is the same but there is no transient region: all temperatures, in all positions, starts to decrease immediately after the end of stage 1. The maximum difference in temperatures (Figures 5 and 6 ) and the cooling rates (Figure 7 ) are also substantially different from the ones when there is a dislocation of the mould. The solidification in all tests evolves from bottom to top of the castings providing then a DS. Regarding the solidification rates Figure 11 and Table 2 synthesise the results shown on Figure 5 (a)-(f). Table 3 presents the solidification interval, along the sample, for the tested mould rates. These values where measured as the interval time between the end of solidification (eutectic temperature in Figure 1 ) from sample bottom to top parts. There is a huge change when the mould rate varies from 0.5 mm/s to 0.1 mm/s, meaning that the contact time between liquid and solid phase is much higher for the lower mould rate. This allows the separation of the silver rich liquid to the sample top part. As expected on the test without mould movement the positions nearest the bottom position show the highest solidification rate due to the proximity of the cooling system. It can be seen, however, that on tests with mould movement the solidification rates are higher for the top positions. This is due to the relative position evolution of the heating front during the test. It is important to highlight some details related to the coil geometry. This coil geometry (short and concentrated coil) (Figure 4(a) ) is useful because it facilitates the addition of materials during the process (for FGMs production) and is also useful in order to keep almost all temperatures similar along the mould in the first part of the cycle (except in position T 5 ). However, it origins this 'peak' effect on the temperature profile (designed as transient moment), observed on higher positions of the mould, when the mould movement starts. In a next paper on this subject it will be provided a set of tests with the influence of the coil dimension on temperature profiles in the mould. It is also useful to mention that the present tests, for a better understanding of the process, were performed with constant power and frequency on the furnace. Tests with a changing heating power during the test will be provided in next papers.
Metallurgical analysis
As expected the samples microstructure is constituted by a primary (Cu) phase (dendrite morphology) and an eutectic constituent (Figure 9 ). The obtained samples were characterised in terms of: phase volume fraction, chemical composition gradient, grain size and grain orientation along the specimen vertical axis.
Phase quantification and chemical analysis
The eventual alloy chemical composition variation along the casting would be a consequence of a possible macro-segregation occurrence. Chemical composition was assessed by both phase quantification and by SEM/EDS analysis. Results are presented in Figure 8 . It is observed that there are no substantial changes of chemical composition among the different positions for all mould dislocation rates. The small differences are on the order of magnitude of the equipment reading error. An exception occurs for the dislocation rate of 0.1 mm/s. In this case a substantial difference in Cu content is notorious. The Cu content increases at the bottom (84% wt) and decreases at the top region (75% wt) of the casting. This change in chemical composition, for low mould dislocation rates, is explained by the elements distribution in solid and liquid phase during the solidification interval. The first phase to solidify is much richer in (Cu) phase (95% Cu) (Figure 1 ). The remaining liquid phase of the bottom region, solute, with a higher silver content, will move to the top region and will gradually solidify in the upper zones of the mould. With the decrease in the mould dislocation rates the solidification rates also decreases ( Figure 7) . Simultaneously, the interval of time for total solidification in the sample bottom and top parts (time of contact between liquid and solid phase) is much higher with the mould rate of 0.1 mm/s (see Figures 5 and 6 and Table 3 ). It can be concluded that these conditions allow the concentration of the silver rich liquid phase on the sample top positions. On the other samples the distribution of (Cu) phase and eutectic constituent is more homogeneous along the specimens.
It is worth to emphasise that the dislocation rates used in this work range from low (similar to the ones used in traditional solidification processes) to very high ones. In DS processes it is common rates of about 0.01-0.25 mm/s (Saari et al., 2005; Kader et al., 2007) . As cooling rates increase with dislocation rates it is necessary to use dislocation rates substantially higher than the ones used in DS processes, in order to avoid solute dislocation inside the casting or macro-segregation effects.
Grain size and orientation
The obtained grain size and growth direction is dependent of the defined solidification path (from bottom to top). Figure 9 shows an example of a specimen obtained at a mould dislocation rate of 0.1 mm/s in order to show that there are substantial differences in some metallurgical aspects like grain size and orientation. It can be seen that in tests with mould movement and along the vertical sample axis the grain size decreases from bottom to top (see Figure 9 ). These changes are in accordance with the solidification rate in each sample position ( Figure 7 and Table 2 ) that behaves exactly in the inverse sense, e.g., increases from bottom to top. Figure 11 (b) provides a resume of the SDAS evolution along the sample vertical axis. It can be seen that for the test with no movement, the size is almost constant and for the other experiments, at different mould dislocation rates, the SDAS is higher when the mould dislocation rate is lower. As expected the bigger difference between top and bottom SDAS was obtained for the experiment with the mould speed of 0.1 mm/s.
Regarding grain orientation along the samples Figure Figure 11 provides an overall grain orientation along the mould where it is clear that: grains are more oriented in the bottom region; and the higher the speed rate the better the orientation. This means that at lower cooling rates ( Figure 5 ) the effect of the cooling device is more efficient. This is also confirmed based on the results among different tests with mould movement. The lower the cooling rate (for example in position T 0 -top region -see Figure 7 and Table 2 ) the higher the grain orientation (Figure 11(a) ). Figure 11 presents two comparative graphs, for grains orientations and for dendrite size (SDAS) along the sample, for all speeds used in the experiments. Thus, and once understood the influence of the relative mould/coil dislocation rate on the temperature profiles in each region of the casting and in particular its cooling rates, some micro-structural features like grain size and orientation seem to be consistently dependent on cooling rate.
Having in mind that the non existence of macro-segregation is a fundamental aspect in order to properly control the IMSP it is worth then to emphasise that, under certain solidification rates (due to proper process conditions), it is perfectly possible to use a DS system, and in particular the IMSP to work with no significant macro-segregation effects for Cu-Ag alloys. Although macro-segregation effects have an extensive list of causes which may include microstructure, thermal gradients, applied magnetic fields, movement of solid fragments, etc. (Beckerman, 2001 ) the dislocation rate of the mould seem to be fundamental for materials with high solidification intervals like the one used in this study.
Conclusions
The main conclusions of this work are as follows:
• It is possible to use alloys with high solidification intervals with no significant macro-segregation effects. For this purpose the process variables must be such to originate fast solidification rates.
• It is possible to keep an oriented solidification effect even for process conditions that are adequate for FGMs production (fast solidification rates).
• It seems to be possible to produce FGMs using the IMSP with a proper control of chemical composition (non existence of macro-segregation effects) along the casting.
